Polypyrimidine tract binding protein (PTB) is known to silence the splicing of many alternative exons. However, exons repressed by PTB are affected by other RNA regulatory elements and proteins. This makes it difficult to dissect the structure of the pre-mRNP complexes that silence splicing, and to understand the role of PTB in this process. We determined the minimal requirements for PTB-mediated splicing repression. We find that the minimal sequence for high affinity binding by PTB is relatively large, containing multiple polypyrimidine elements. Analytical ultracentrifugation and proteolysis mapping of RNA cross-links on the PTB protein indicate that most PTB exists as a monomer, and that a polypyrimidine element extends across multiple PTB domains. The high affinity site is bound initially by a PTB monomer and at higher concentrations by additional PTB molecules. Significantly, this site is not sufficient for splicing repression when placed in the 3 splice site of a strong test exon. Efficient repression requires a second binding site within the exon itself or downstream from it. This second site enhances formation of a multimeric PTB complex, even if it does not bind well to PTB on its own. These experiments show that PTB can be sufficient to repress splicing of an otherwise constitutive exon, without binding sites for additional regulatory proteins and without competing with U2AF binding. The minimal complex mediating splicing repression by PTB requires two binding sites bound by an oligomeric PTB complex.
INTRODUCTION
Polypyrimidine tract binding protein (PTB) is an abundant, widely expressed, nuclear RNA binding protein. PTB has been implicated in a variety of cellular processes affecting gene expression, most notably alternative splicing (Valcarcel and Gebauer 1997; Smith and Valcarcel 2000; Wagner and Garcia-Blanco 2001; Black 2003) . In systems of alternative splicing, PTB often serves as a repressor of highly tissuespecific exons outside of a particular cell type, such as muscle cells or neurons (Wagner and Garcia-Blanco 2001; Black and Grabowski 2003) . Many mammalian alternative exons are known to be affected by the action of PTB, including exons in actinin (Southby et al. 1999; Gromak et al. 2003) , tropomyosin (Mulligan et al. 1992; Gooding et al. 1994 Gooding et al. , 1998 Pérez et al. 1997a) , troponin (Charlet et al. 2002) , c-src (Chan and Black 1997; Chou et al. 2000) , fibronectin (Norton 1994; Flanagan et al. 2003) , FGF receptors 1 and 2 (Carstens et al. 2000; Jin et al. 2003) , and IgM (Shen et al. 2004) . In all of these transcripts, PTB binds to short pyrimidine-rich elements within the RNA encompassing the regulated exon. These elements are usually multiple, but are distributed through the exon region differently in each transcript.
PTB (also called hnRNP I) is a 58-kDa protein, containing four RNA binding domains of the RRM type (also called an RNP-cs domain or an RBD) (Varani and Nagai 1998) , an N-terminal domain involved in nuclear localization and export, and a hinge region between RRMs 2 and 3, whose length varies due to alternative splicing of the PTB transcript itself (Valcarcel and Gebauer 1997; Wagner and Garcia-Blanco 2001) . PTB binds to short RNA elements containing mixtures of C and U, such as UUCU or UCUCU (Singh et al. 1995; Pérez et al. 1997b; Simpson et al. 2004 ). These can be adjacent to non-pyrimidine-rich RNA, but for high affinity binding are often found within a pyrimidine-rich context. PTB binding sites are commonly found within the polypyrimidine tract of the 3Ј splice site of the regulated exon. Studies of individual domains of the protein indicate that all the RRMs can bind to RNA. RRM 2 may also be involved in protein dimerization (Pérez et al. 1997b; Oh et al. 1998; Simpson et al. 2004) . Several studies indicate that RNA binding activity is not sufficient for splicing repression. When one of the PTB binding sites within the FGF R2 transcript was replaced with the MS2 RNA binding site, a MS2/PTB fusion protein could repress splicing, whereas the MS2 protein alone could not (Wagner and Garcia-Blanco 2002) . Repression activity is affected by the splicing alterations in the central non-RRM region of the protein (Wollerton et al. 2001) . Finally, an analysis of mutant proteins in an in vitro splicing system uncovered a special role of RRM 4 in splicing repression; small C-terminal deletions within this domain produce a protein that still binds RNA but has lost its splicing repression activity (Liu et al. 2002) . Solution structures of the independent RRMs have been solved by NMR (Conte et al. 2000; Simpson et al. 2004) , and some contacts of these domains with short RNA oligonucleotides have been identified (Yuan et al. 2002; Simpson et al. 2004) . The interpretation of all these results is limited because high affinity binding and splicing repression both require fulllength protein. Thus, an understanding of the mechanism of splicing repression will require a picture of the multiple combined contacts of full-length PTB with an extended RNA.
Systems of alternative splicing are generally highly combinatorial (Smith and Valcarcel 2000; Black 2003) . Alternative exons are affected by multiple RNA elements and RNA binding proteins. These elements are both positive and negative acting and are often combined to create an intricate regulatory region of RNA that allows cooperative assembly of multiple RNA binding proteins into large RNP complexes. This makes it difficult to assess the roles of individual proteins such as PTB in these complexes and to do experiments directed at elucidating their mechanisms of action.
The N1 exon of the c-src gene is an example of a mammalian exon that is controlled by a number of different inputs (Black 2003) . This exon is spliced in neurons and skipped in nonneuronal cells. The splicing of the exon requires an intronic splicing enhancer downstream of the exon (Modafferi and Black 1997; Black 2003) . This enhancer is relatively non-tissue specific and to prevent N1 splicing in nonneuronal cells, the exon is repressed by PTB protein (Chan and Black 1995; Chou et al. 2000) . Splicing repression requires elements that bind PTB both upstream and downstream from the N1 exon (Chan and Black 1995, 1997; Chou et al. 2000) . The upstream sites bind PTB with high affinity but downstream elements are within the enhancer region and bind PTB relatively weakly. To allow stable binding to these sites, PTB cooperatively assembles with other proteins binding to adjacent elements, including hnRNP's H and F and KSRP (Chou et al. 1999; Markovtsov et al. 2000) . These other proteins could be involved splicing repression and derepression or take part in the enhancer function. In some cells, where PTB is present but the N1 exon is spliced, PTB appears to be counteracted by a neuronal homolog of PTB, called nPTB or brPTB (Markovtsov et al. 2000; Polydorides et al. 2000) . This protein binds to the repressor elements in place of PTB but does not repress splicing. Although PTB is required for N1 splicing repression, it is difficult to assess its mechanism of action in the face of the other proteins needed for its efficient assembly.
In this study, we examine the mechanism of PTB-mediated splicing repression and the nature of its interaction with pre-mRNA. We assessed the stoichiometry of PTB binding and the structure of the multimeric PTB complex that leads to splicing repression. We determined the minimal sequence necessary for high affinity RNA binding and then asked how many of these elements are sufficient to repress an exon that is normally constitutive. We find that PTB alone can repress splicing in the absence of other regulatory elements. Moreover, we show that splicing repression requires multiple binding sites but does not require competition for U2AF binding to the 3Ј splice site.
RESULTS

Delineation of a minimal PTB binding site
We first set out to determine the minimal sequence necessary for high affinity binding of PTB. The known PTB binding site upstream from the N1 exon encompasses 36 nt between the branch point and the AG dinucleotide and contains two copies of the element CUUCUCUCU as well as other runs of pyrimidines (Fig. 1A,B) . The affinity of this sequence (Probe A) for PTB was measured by gel shift assay. Increasing amounts of recombinant PTB-1 were incubated with Probe A and these mixtures were separated by native gel (Fig. 1B) . A protein/RNA complex forms at relatively low protein concentrations, exhibiting an apparent K d of 50 nM. At much higher concentrations of protein (0.5-1 µM), Complex 1 is shifted into the more slowly migrating Complex 2. This complex evidently contains a higher stoichiometry of PTB, but this second binding step is of much lower affinity than the first. The apparent K d of the PTB interaction was also measured by filter binding assay. This binding data also best fit a two-binding-site curve, but yielded higher affinities with K d of 1 nM and 143 nM for the two binding steps (data not shown). Similar results were also seen with the PTB-4 isoform (data not shown). A similar binding constant was also obtained with a mixture of PTB-1 and PTB-4 purified from HeLa extract, although in some preparations the HeLa protein showed a somewhat higher affinity than recombinant PTB (data not shown).
The 38-nt length of Probe A is longer than would be An RNA probe comprising the c-src N1 exon and part of the upstream intron was labeled at its 3Ј or 5Ј end, subjected to partial alkaline hydrolysis (lanes 1,2), and incubated with PTB. The PTB/RNA complexes were separated on a native gel as in B, and the RNA was eluted and analyzed on the denaturing gel shown. The 3Ј boundaries of the 5Ј-end-labeled RNA (lanes 3,4) and 5Ј boundaries of the 3Ј-end-labeled RNA (lanes 5,6) (Varani and Nagai 1998) .
To determine the extent of RNA bound in each complex, we performed boundary analyses to identify the length of RNA needed to assemble into each complex (Jellinek et al. 1994; Bevilacqua et al. 1998; Darnell et al. 2001) . A longer RNA encompassing the nucleotides of Probe A was labeled at either its 5Ј or 3Ј end, subjected to partial alkaline hydrolysis, and bound to PTB. RNA was isolated from either Complex 1 or Complex 2 on the native gel and separated on a denaturing gel (Fig. 1C) . This results in a ladder of bands from the hydrolytic fragments of RNA. The shortest RNA found in a particular complex corresponds to the length of RNA needed to form that complex, from the label to the hydrolyzed end. As expected, Complex 1 can form on a shorter RNA than Complex 2. With the RNA labeled at the 5Ј end, this complex can form on a 30-nt RNA, extending through the branch point, the first CUUCUCUCU repeat, and the first 4 nt of the second repeat. Complex 2 requires a longer RNA, extending 46 nt through the second CUU CUCUCU repeat and into a polypyrimidine element just upstream of the splice site AG. Using a 3Ј labeled RNA, Complex 1 assembles on RNAs that begin within the first repeat and run through the second repeat to the 3Ј end of the RNA. Complex 2 binds mRNA that encompasses this downstream sequence, but extends upstream through all of the first CUUCUCUCU element and additional upstream pyrimidines (Fig. 1C, top) . These boundary analysis experiments are consistent with the model that in forming Complex 1, PTB is binding in either of two positions. In each position, the binding site includes all of one of the two CUUCUCUCU elements and extends to 4-6 additional pyrimidine nucleotides on either side of this element. This creates a mixture of two complexes. As the concentration of protein is increased and Complex 2 is formed, additional nucleotides are occupied. On this short probe there is apparently little cooperativity in the binding of the second protein, which requires fairly high protein concentrations. Given the size of the first binding site and the relative affinity of the second binding step, the interaction of the second protein is not equivalent to the first.
To examine these interactions more carefully, we measured binding of the protein to shorter or mutated RNA probes. A shorter 17-nt probe, containing a single CUU CUCUCU repeat plus additional pyrimidines upstream, does not form Complex 1 and only forms observable complexes at high protein concentrations (data not shown). The loss of affinity and unusual gel mobility seen with the shorter probes indicated that both repeats were needed for the formation of the high affinity Complex 1. This spurred us to examine RNAs of equivalent length to the 3Ј splice site probe, but carrying mutations in groups of pyrimidines. Probe B is equivalent to Probe A, but is 2 nt longer (40 nt) due to the addition of guanosines at the 5Ј end derived from the T7 promoter (Fig. 1A) . This RNA shows the same PTB binding properties as Probe A (Fig. 1D ), generating both Complex 1 and Complex 2. Probe C is the same as Probe B but with the upstream pyrimidine repeat element mutated. This probe shows somewhat lower affinity for the protein and forms only Complex 1. When both of the upstream and downstream pyrimidine repeats are mutated (Probe D), the RNA loses nearly all PTB binding. Thus Complex 1 formation requires the presence of at least one repeat and Complex 2 requires both. Maintaining the two repeat elements but eliminating the pyrimidines either upstream or downstream from them had little effect on Complex 1 formation (Fig. 1E , Probes E and F). However, mutating both of these flanking pyrimidine elements greatly reduced Complex 2 formation (Probe G). Complex 1 still formed on Probe G but at lower affinity. Thus, at least one repeat is needed for Complex 1 formation, while Complex 2 requires both repeats plus an adjacent pyrimidine element, either upstream or downstream. These results agree well with the positions of the boundaries for Complexes 1 and 2 seen in Figure 1C .
The stoichiometry and interactions of PTB in RNA/protein complexes
An important question in understanding the assembly of PTB into these complexes is the stoichiometry of binding. It was reported that PTB in solution migrates in a gel filtration column with an apparent molecular mass of ∼120 kDa, approximately equivalent to a dimer of 58-kDa monomers (Pérez et al. 1997b) . We have repeated these experiments with similar results (data not shown). However, besides dimerization, such mobility could also be explained by a nonspherical shape for the protein. Similarly, yeast two hybrid and protein-protein cross-linking studies indicated that PTB could interact with itself (Oh et al. 1998) . However, this cross-linking was inefficient, perhaps indicating that only a small percent of the protein was in a multimeric form. To clarify whether the majority of PTB in solution is a dimer or a monomer, we determined the apparent molecular mass of PTB-1 in solution by analytical ultracentrifugation (Laue 2001) . Using buffer conditions similar to our binding reactions, equilibrium sedimentation analysis of PTB yielded a molecular weight of 61,100 Da, very close to the 57,523 Da of a PTB-1 monomer ( Fig. 2A) . Sedimentation velocity experiments were also performed to obtain a sedimentation coefficient (S) value for the PTB. The observed S value for PTB shows a tight distribution centered at 3.3 S (S 20,w = 3.4 S), again indicating that the protein is primarily monomeric in solution (Fig. 2B ). However, a spherical protein of the molecular weight of PTB should have a sedimentation coefficient of ∼4.1 S. The lower observed S value for PTB indicates an asymmetric structure (the frictional ratio, f/fo, calculated from the data is 1.6) as might be expected for the four RRM domains. Thus Complex 1, which forms on the binding site at low concentra-tions of protein, most likely contains a single PTB monomer. Complex 2 would then represent the addition of at least one additional monomer to fully occupy the site.
The binding and centrifugation data suggest that Complex 1 contains a single PTB monomer occupying ∼20 nt of RNA. This amount of sequence should be engaged by multiple RRM domains. To examine the interactions of different portions of the protein with the RNA, we cross-linked RNA to the protein and mapped these cross-links to the peptide sequence by proteolysis (Fig. 3) . In initial characterizations, we cross-linked recombinant PTB to a long RNA by shortwave UV. The protein was then subjected to progressive cleavage over time with GluC protease (Fig. 3B , Coomassie panel, and 3A). The fragments within this digestion pattern that correspond to N or C-terminal fragments were identified on immunoblots probed with antibodies to either the N-or C-terminal peptide of PTB (Fig.  3B , Western panels). The N terminus is very sensitive to proteolysis and is removed very early in the digestion (lanes 16-19) . In contrast, the C-terminal fragments exhibit a progressive shortening over time producing a ladder of bands by 90 min (lanes 11-14) . When a N1 exon splicing substrate labeled with 32 P-UTP was incubated with recombinant PTB, irradiated with shortwave UV, and subjected to RNAse treatment, the protein was efficiently labeled by a cross-linked RNA oligonucleotide. When this labeled protein was subjected to partial GluC proteolysis, the pattern of labeled bands closely resembled the pattern of C-terminal fragments identified in the immunoblots (Fig. 3B , crosslink panels; cf. lanes 7-9 and lanes 11-14). At 90 min of protease treatment, the labeled RNA cross-link resided predominantly in a C-terminal fragment of ∼28 kDa (lane 9). This places the cross-link (or cross-links) within either RRM 3 or RRM 4 (Fig. 3B) .
Partial and complete cyanogen bromide cleavage of the protein further delineated the cross-link position to a 102 residue fragment extending from the C terminus of RRM 3 to the middle of RRM 4 (Fig. 3A, Fig. 3C , middle lane, and data not shown; see also Fig. 3E) . The protein was then subjected to exhaustive cleavage with the proteases GluC, LysC, AspN, and trypsin, and to pairs of these enzymes (data not shown). All of these enzymes generated a single predominant labeled fragment, indicating that there was one predominant site of cross-linking. The sizes of the peptide products from these different limit digests place this cross-linking site within the peptide NFQNIFPPSATLHL SNIPPSVSE. This encompasses the RNP2 motif within beta strand 1 of RRM 4, and also includes residues from the linker between RRMs 3 and 4. Given its role in RNA recognition in other proteins, the RNP2 motif is a very likely position for direct interaction with the RNA. There is a histidine in this sequence with potential to cross-link to RNA under shortwave UV. However, there are also aromatic residues within the linker whose role in the cross-link cannot be ruled out (Meisenheimer and Koch 1997) .
Because shortwave UV cross-linking is very dependent on the nature of the protein residues interacting with the RNA, the single cross-link generated by this method cannot be taken as evidence that other parts of the protein are not in direct contact with RNA. Such contacts may not cross-link efficiently by this method. To look more generally for RNA contacts on the protein, we employed cross-linking to RNAs substituted with 4-thiouridine. This modified nucleotide is activated to cross-link in long wavelength UV (366 nm). These cross-links require close juxtaposition of the substituted base with the reactive protein, but can occur at many different groups on the protein (Meisenheimer and Koch 1997) . The N1 exon 3Ј splice site was substituted with 4-thioU, labeled with 32 P, and cross-linked to PTB. The protein was then subjected to complete cyanogen bromide cleavage and the fragments resolved by SDS-PAGE (Fig. 3C , right lane). This treatment produces the same major 102 residue CNBr fragment seen with shortwave cross-linking, derived from portions of RRMs 3 and 4 (asterisk ∼12.5 kDa). However, the 4-thioU cross-linking produces two additional fragments, which can also be seen as minor species in the shortwave cross-linking. One of these fragments is ∼6.5 kDa in size. There are only two peptides of this size in PTB that can be produced by CNBr cleavage and both are derived from RRM 1. The other CNBr peptide is ∼3.4 kDa. This could derive from either the extreme N terminus or the extreme C terminus of the protein.
In the initial 4-thioU cross-linking experiments, all of the uridine residues in the N1 3Ј splice site were substituted with the analog. If multiple RRMs of a PTB monomer were interacting with one of the pyrimidine repeats in the 3Ј splice site, then different positions along one repeat should be interacting with different peptides within the protein. To examine this, we made a series of CUUCUCUCUCG RNA oligonucleotides, each containing one 4-thioU in place of a uridine residue (Fig. 3D , top left). Each oligo was 5Ј-end labeled, incubated with PTB protein, and cross-linked. Cross-linking was performed in a large excess of PTB to ensure that each protein bound no more than one RNA. Each oligo cross-linked with similar efficiency to the protein, creating a labeled protein with the full oligo attached (Fig. 3D , top left panel). When these proteins were subjected to CNBr cleavage, the same labeled fragments were observed as with the fully substituted probe (Fig. 3D , bottom left panel). The sizes of these fragments were somewhat larger because the RNA was not cleaved prior to CNBr treatment and electrophoresis. Interestingly, the distribution of these fragments varied with the position of the 4-thiouridine. All of the substitutions cross-linked to the large peptide are seen with shortwave UV cross-linking. However, the amount of this fragment varied. The crosslinking of the other two peptides was even more dependent on the labeling site. A repeat RNA carrying 4-thioU at position 2 showed significantly more cross-linking to the peptide derived from RRM 1 than did the other probes. In contrast, the RNA carrying 4-thioU at position 3 was primarily cross-linked to the smaller peptide. This peptide could derive from one of the two termini. To identify this fragment, the cross-linked peptides were subjected to immunoprecipitation with antibodies reactive with each terminus ( Fig. 3D , right panel). Antibody to the C terminus brought down the fragment, whereas the N-terminal antibodies did not. Thus, this fragment corresponds to the extreme C terminus of RRM 4. Substitutions at positions 5, 7, and 9 cross-linked primarily to peptide 1. Note that this peptide is long and the position of cross-linking for each substitution may differ. The variation in cross-linked peptides across the repeat indicate that each position of the repeat is interacting with a different portion of the protein.
Although we cannot rule out interactions with RRMs 2 and 3, a single repeat is apparently interacting with both RRMs 1 and 4.
PTB-mediated exon silencing in vivo requires multiple protein binding sites in the target RNA
The binding experiments indicate that PTB can form different kinds of complexes on a pyrimidine-rich RNA. To determine the minimal PTB complex that can repress splicing, we constructed a series of splicing reporters carrying different types and combinations of PTB binding sites (Fig.  4A ). The minigene pDUP175 contains a 175-nt hybrid exon derived from fusing the 5Ј end of ␤-globin exon 2 to the 3Ј end of ␤-globin exon 1 (Dominski and Kole 1991; Modafferi and Black 1997) . This test exon is flanked by wild-type ␤-globin exons 1 and 2 and nearly identical introns. The construct is driven by the CMV promoter, and shows nearly constitutive test exon inclusion when expressed in a wide variety of cells (Fig. 4B , lane 1; data not shown). To test whether a single high affinity PTB site was sufficient to mediate splicing repression, the ␤-globin 3Ј splice site of this test exon was replaced with the complete N1 exon 3Ј splice site, including the branch point and the polypyrimidine tract that exhibits high affinity PTB binding. This site only showed weak silencing activity, as exon skipping increased to only ∼10% (DS1; Fig. 4B, lane 2, Fig.  4C ). Placement of the complete polypyrimidine tract (without the branch point or AG) into the test exon itself also results in only modest repression of splicing (DS2; Fig. 4B , lane 3). Although either of these two introduced PTB sites have weak effects on their own, when two sites are present in the same RNA, the splicing is strongly repressed (57% exon exclusion, DS3; Fig. 4B, lane 4, Fig. 4C ). Thus, significant splicing repression is not observed unless two binding sites are present in the transcript. The downstream binding site does not need to be in the exon itself. In the DS4 construct, the element was placed in the intron 16 nt downstream of the test exon 5Ј splice site. Again this ele- Exhaustive CNBr cleavage of the cross-linked proteins shown above. Asterisks indicate the major cross-linked products. Note that these CNBr fragments exhibit slower gel mobility than those in C because they were not digested with RNAse prior to separation. (Right panel) Immunoprecipitation of the PTB CNBr fragments using N-or C-terminal antibodies. The 4-thioU substitution site is indicated at the top. CNBr cleaved protein from each reaction (Load) was subjected to immunoprecipitation with preimmune serum or with antibody raised to the N-or C-terminal 15-residue peptide of PTB. Note that only the smallest peptide is bound by the C-terminal antibody. (E) Proteolysis sites in PTB. Residues subject to specific cleavage are shown in color. Predicted products are shown below.
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In DS6, the pyrimidines upstream of the repeated element were deleted (Fig. 4A ). This mutation reduces binding somewhat (Fig. 1E ) and also reduces splicing repression slightly (Fig. 4B, lane 7) . The src N1 exon has an unusual branch point that does not match the consensus well. When this is changed to the better ␤-globin branch point, the repression by PTB is lost (DS7; Fig. 4B , lane 8). Thus, even when two binding sites are present, the ability of PTB to repress splicing is affected by how well the constitutive splicing elements are recognized by the general splicing apparatus.
The presence of the PTB binding site within the polypyrimidine tract of the 3Ј splice site presumably means that PTB binding is in competition with U2AF 65 (Lin and Patton 1995; Singh et al. 1995) . This makes the analysis of mutations within the sequence difficult because base changes could affect the binding of either protein. To examine whether the PTB binding site must be within the 3Ј splice site for repression to occur, we moved the element upstream from the branch point. This construct (DS8, Fig.  4A ) retains the ␤-globin branch point and polypyrimidine tract in the 3Ј splice site of the test exon, but now has a high affinity PTB binding site upstream of these elements. As before, this site had little effect on splicing when present alone, but was strongly inhibitory when another binding site was present within the exon (DS9; Fig. 4B, lane 10, Fig. 4C ). Thus, direct competition with U2AF binding is not a requirement for PTBmediated splicing repression. This separation of the PTB binding site from the U2AF site allows the analysis of pyrimidine mutations. Deletion of the pyrimidines either upstream or downstream of the repeated elements drastically reduced splicing repression (DS10, DS11; Fig. 4B, lanes 11,12) . Deletion of both of these sequences had a still stronger effect (DS12; Fig. 4B, lane 13) . The reduced splicing repression seen with these sequences parallels the observed PTB binding of these elements (Fig. 1) . The loss of repression is particularly strong when both elements are mutated, creating a sequence that cannot form the higher order Complex 2.
The requirement for a weak branch point in PTB-mediated splicing regulation implied that the level of repression would vary depending on the basal inclusion of the exon. To examine this, we made some of the same constructs in the DUP-51 backbone. These constructs contain the same exons as DUP-175 except that the hybrid middle exon is now 51 nt and this short exon is excluded from the mRNA at higher frequency (∼18% exon exclusion; Fig. 4D, lane 1) . In this reporter, the PTB binding sites did indeed have stronger effects. Single high affinity binding sites placed in the 3Ј splice site or in the downstream intron both approximately double the level of exon exclusion (Fig. 4D, lanes  2,3) . A site placed upstream of the branch point also had a stronger effect (Fig. 4D, lane 5) . Again, combining two of these sites strongly potentiated the splicing repression, raising the level of exon exclusion to ∼90% (Fig. 4D, lanes 4,6) .
To confirm that the splicing repression observed in the DS minigenes was indeed mediated by PTB, we knocked down expression of PTB in the transfected cells by RNA interference and analyzed the splicing of the minigene transcripts. These experiments were carried out in HeLa cells rather than HEK293, because we have obtained more efficient RNAi-mediated knockdown in these cells. The cells were first treated with siRNA, incubated for 48 h to induce PTB knockdown, and then retransfected with the reporter plasmids as well as a second dose of siRNA to ensure persistence of the PTB knockdown. The DS9 transcript shows a high level of exon exclusion under normal conditions in HeLa cells as it did in HEK cells (Fig. 5, lane 2) . This splicing repression is nearly completely eliminated by pretreatment of the cells with an siRNA that specifically targets PTB transcripts for degradation (Fig. 5, lane 4) . The extent of PTB knockdown was >90% as monitored by immunoblot with an anti-PTB antibody. The splicing repression was completely restored by expression of a PTB cDNA that is not targeted by the siRNA (Fig. 5, lane 6) . Expression of this exogenous PTB was monitored with an antibody directed to the Flag epitope tag on the transfected PTB clone. Neither the siRNA nor the exogenous PTB affected the splicing of the parent DUP-175 construct, which does not contain PTB binding sites (Fig. 5, lanes 1,3,5) . The loss of splicing repression upon loss of PTB expression, and its restoration with the complementing PTB cDNA, confirms that PTB is indeed the mediating factor in this regulation (Fig. 5, lanes  4,6) .
Flanking PTB sites repress exon splicing in vitro
The src N1 exon is strongly repressed by PTB in vitro (Chan and Black 1997; Chou et al. 2000) . However, other proteins that bind cooperatively with PTB also affect this exon (Markovtsov et al. 2000) . To determine whether PTB-mediated repression could be observed in our minimal substrate in vitro we measured the splicing of the introns both upstream and downstream of the DUP-51 exon in both HeLa and WERI-1 nuclear extracts. A DUP-51 RNA substrate truncated in the second intron showed excision of the upstream intron in HeLa extract (Fig. 6A,  lane 1) . Replacement of the ␤-globin 3Ј splice site with the c-src PTB binding splice site led to partial inhibition of splicing, as it did in vivo (DS1-51, lane 2). In contrast, a PTB site downstream of the exon had little effect (DS4-51, lane 3). However, combining the upstream and downstream binding sites nearly abolished splicing (DS5-51, lane 4). In WERI-1 extract, the parent DUP-51 exon spliced slightly less well than in HeLa (DUP-51, lane 5). This is also seen in vivo (data not shown). Interestingly, the PTB binding sites had a smaller effect on the splicing in this extract. Pre-mRNAs with a PTB binding site upstream of the test exon spliced somewhat less well than the wild type (DS1-51, lane 6), whereas the transcript containing both upstream and downstream PTB sites showed slightly higher levels of splicing than the wild-type RNA (DS5-51, lane 8). If either the HeLa or WERI extract was supplemented with recombinant PTB, the splicing of the DS5-51 RNA was completely abolished (Fig. 6B, lanes 5-8) . In contrast this treatment had no effect on DUP-51 splicing (Fig. 6B, lanes  1-4) .
Similar experiments were performed on the downstream intron (data not shown). This intron also spliced well in either extract, and when flanking PTB binding sites were added, splicing was strongly inhibited. Unlike the upstream intron, this downstream intron splicing is also inhibited in WERI extract (data not shown).
Low affinity downstream sites induce cooperative assembly of multimeric PTB complexes and splicing repression
Earlier studies showed that regulatory sequences on one side of the N1 exon could repress splicing of the intron on the opposite side and implied an interaction between the upstream and the downstream regulatory regions (Chan and Black 1995; Chou et al. 2000) . However, it was not clear which proteins binding to the elements were interacting. The recapitulation of splicing repression in RNAs containing only PTB A truncated version of DUP4-1 (DUP4-1S; see Materials and Methods) was used as a control for transfection efficiency. (C) Each primer extension product was quantified, using a Molecular Dynamics Typhoon PhosphorImager and ImageQuant software, and the percent exon exclusion was calculated (exon excluded product/exon excluded product plus exon included product). These results for the gel shown were plotted in the histogram. (D) DUP-51 minigene constructs (with a 51-nt reporter exon) were used to examine PTB-mediated splicing repression on an inefficiently spliced exon. The maps of the constructs are shown as in A. The transfection, primer extension, and quantification were performed as in B.
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The high affinity PTB binding site within the N1 3Ј splice site binds to a single PTB at low concentrations of protein, but forms a higher order Complex 2 at high concentration. Efficient splicing repression requires the ability to form this Complex 2. However, in most cases, this site is not sufficient to induce splicing repression. Efficient splicing repression requires an additional downstream binding site. In the src pre-mRNA, the downstream PTB binding sites are much weaker than the upstream site and, at the protein concentrations used for Complex 1, do not bind PTB alone (Markovtsov et al. 2000) . To study the cross-exon interaction between PTB molecules more directly, we examined the ability of this weak downstream sequence to affect the binding of the recombinant protein to probes carrying the high affinity site.
We find that the weak PTB binding downstream sequence has a large effect on the affinity and stoichiometry of PTB binding in a gel shift assay. When the downstream elements were present in a probe carrying the high affinity upstream site, the formation of the monomeric complex occurred at about twofold lower PTB concentration than with the upstream site alone (Fig. 7A, cf. lanes 2 and 8) . More strikingly, this complex was almost immediately converted into a multimeric complex as the protein concentration was increased (cf. lanes 3 and 9). Nearly all of the RNA probe was in a multimeric complex at 100 nM of protein. This is ∼10-fold less protein than was needed to convert the upstream site alone into Complex 2. This concentration is also lower than that needed to form a PTB complex on the downstream sequence alone (Markovtsov et al. 2000) . The lower affinity PTB binding elements allow higher order complexes to form on probes carrying a high affinity site. If these downstream elements are mutated, the probe behaves more like the upstream site alone, forming higher order complexes only at higher concentrations of protein (Probe I, lanes 13-18). With these longer probes, the gel shift complexes are more smeared and heterogeneous, and, as the protein concentration is increased, Complex 2 is converted into still larger complexes apparently containing additional PTB molecules (Fig. 7A, lane 12) . These data suggest that PTB alone can mediate an exon bridging interaction, and that the multimeric PTB Complex 2 is the structure that can efficiently silence splicing. The structure of these large complexes and the interactions of PTB within them will be an interesting avenue for investigation.
The preceding binding experiments imply that the downstream PTB binding sites can be shorter, lower affinity elements than the upstream site and still yield splicing repression. To test this, we added either just one or two CUU CUCUCU repeats into the downstream position. Both of these elements increased exon skipping relative to the upstream site alone (Fig. 7B) . DS 15 transcript in particular, containing two repeats, showed a greater than fourfold increase in exon skipping over the transcript with the upstream site alone. This downstream element shows only weak complex formation and nearly no Complex 2 and yet is sufficient to mediate the inhibition by the upstream site. Thus for splicing inhibition, the PTB interactions at the upstream and downstream sites need not be equivalent. The inhibitory complex is likely similar to Complex 2 or a larger structure rather than two complete high affinity complexes flanking the exon.
DISCUSSION
Mechanisms of PTB-mediated splicing repression
We have determined the minimum requirements for PTBmediated repression of an alternative exon. First, using a FIGURE 5. Splicing repression by CU elements is highly dependent on PTB expression. The DUP 175 and DS9 reporter constructs were transiently expressed in HeLa cells where PTB expression was knocked down with an siRNA and in similar cells expressing a complementing FLAG-PTB. Reporters were transfected with buffer (lanes 1,2) , PTB siRNA plus empty pcDNA vector (lanes 3,4) , and PTB siRNA plus Flag-PTB expression vector (lanes 5,6 ). The top panel shows RT-PCR analysis of splicing after transient expression of the constructs indicated with the products diagrammed on the left. Western blot analyses using BB7 antibody (anti PTB), anti-Flag tag antibody (anti-FLAG-PTB), and anti-GAPDH confirmed the PTB expression level. These are shown below, aligned with the RT-PCR panel. Quantification of the splicing is shown in the histogram plotted as percent exon exclusion (n = 3). Calculation of exon exclusion is as in Figure 4C. variety of binding assays, we delineated a minimum high affinity binding site for the protein. This encompasses more than 30 nt of RNA, requiring two copies of the CUUCU CUCU element as well as adjacent pyrimidine nucleotides. Ultracentrifugation analyses indicate that initial binding of this site is likely by a PTB monomer. Boundary mapping indicates that in Complex 1 a PTB monomer interacts with one CUUCUCUCU repeat plus four to six additional pyrimidines on each side. By mapping RNA cross-links onto the protein sequence, we show that nucleotides across a single CUUCU CUCU repeat contact RRM 4 of PTB, while the 5Ј most U is proximal to RRM 1. The adjacent pyrimidines are presumably contacting other portions of the protein. At high concentrations of protein, additional PTB molecules can assemble onto the extended binding site to form Complex 2. This binding is lower affinity, encompasses less RNA sequence, and is hence not an equivalent contact to the first PTB monomer.
Having defined a PTB binding site, we determined the elements that were sufficient to mediate PTB-dependent splicing repression of an exon. For a weakly spliced exon, some repression can occur with a single high affinity site. This may or may not be placed within the 3Ј splice site of the repressed exon, where it could interfere with U2AF65 binding. An efficiently spliced exon can also be highly repressed by PTB. However, this requires at least two PTB binding sites with the upstream site long enough to form Complex 2. Neither site need be in the 3Ј splice site; an exon with a PTB site upstream of the branch point and another within either the exon or the downstream intron is repressed for splicing. Thus, PTB binding need not be in direct competition with U2AF to repress splicing. Instead, for a standard well-spliced exon, PTB-mediated repression requires multiple binding sites and the ability to assemble a multimeric complex.
Studies of other systems have generally found multiple PTB binding sites in the region of the repressed exon (Wagner and Garcia-Blanco 2001). These systems are presumably similar to the multiprotein mechanism described here. However, there are examples where only a single binding site is known and in some cases this single site seems to be sufficient to mediate Figure 4D except that they have a T7 promoter in place of the CMV promoter and are truncated within the downstream intron. This allows the assay of the upstream intron A or A1. RNA from these clones was incubated in an in vitro splicing reaction containing HeLa or WERI nuclear extract and resolved on the gel. The positions of two lariats, the unspliced precursor, the spliced product, and the 5Ј exon intermediate for each transcript are diagrammed to the left of the gel. The positions of intron A, which is the product of DUP-51 and DS4-51, and of intron A1, which is the product of the DS1-51 and DS5-51, differ due to the different 3Ј splice sites in these clones. Similarly the mRNAs for DUP-51 and DS1-51 (235 nt) are shorter than the mRNAs for DS4-51 and DS5-51 (271 nt) due to the downstream PTB sites in the latter RNAs. The double arrow head indicates the position of the intron A1 lariat and the DS5-51 mRNA just below it. Quantification of the spliced mRNA product relative to the DUP51 control is shown in the histogram below. (B) Added PTB eliminates splicing of CU element carrying RNA. The DUP-51 and DS5-51 transcripts were added to splicing reactions containing HeLa (lanes 1,3,5,7) or WERI nuclear extract (lanes 2,4,6,8) . In some reactions recombinant PTB (80 ng, 50 nM final concentration) was also added (lanes 3,4,7, 8) . Note that PTB strongly inhibits the DS5-51 splicing, but not DUP51.
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www.rnajournal.org repression (Shen et al. 2004) . Within an exon, PTB may block exonic splicing enhancer function or some other step of exon definition (Shen et al. 2004) . Some exons may also have additional unidentified PTB binding sites. These could be relatively short pyrimidine elements that are not as easily recognized as a longer high affinity site. From the results presented here, one would predict that exons that can be repressed by a single PTB site are already weak in their recognition of constitutive factors.
Diverse and often unrecognized regulatory elements are a confounding issue for understanding systems of tissue-specific splicing. Although particular RNA elements can be shown to be required for regulation, it is often difficult to assess which elements are sufficient or which are the most important determinants of tissue specificity. To simplify the analysis of PTB-mediated regulation, we started with a constitutive exon and asked if it could be repressed only by adding PTB sites. Although one cannot be sure there are no unknown elements in this exon that allow its repression by PTB, the resulting exon is highly PTB dependent.
The development of reporters where splicing repression is dependent only on PTB sites allows the direct comparison of cell lines for PTB activity. For example, we found previously that WERI-1 cells splice the src N1 exon more efficiently than HeLa cells. This exon is repressed by PTB in HeLa cells, but is affected by numerous other elements as well. We find here that when DUP reporter constructs are expressed in WERI cells or incubated in WERI nuclear extracts, they show less splicing repression than in HeLa or HEK cells ( Fig. 6 ; data not shown). Since these RNAs are presumably only dependent on PTB for repression, this indicates that the tissue specificity of exon splicing seen in WERI cells is due to a loss of PTB activity. We hope to now use this system to examine the mechanism of this reduced PTB activity. WERI cells contain significant amounts of PTB protein, but also contain nPTB, which also binds to the repressor elements. Future experiments will use the PTBrepressed substrates to examine how nPTB might differ in activity.
The structure of PTB/RNA complexes
In earlier work, PTB was described as a dimer in solution, based on size exclusion chromatography, yeast two-hybrid interactions, and protein/protein cross-linking (Pérez et al. 1997b; Oh et al. 1998 ). Thus, we first hypothesized that a PTB dimer would interact with the duplicated pyrimidine element in the PTB binding site of the N1 exon 3Ј splice site. However, we found that the initial binding of PTB to form Complex 1 does not involve both repeats, as would be expected if each half of a dimer made equivalent interaction with one repeat. Thus, we reexamined the molecular weight of PTB in solution by analytical ultracentrifugation. This analysis gives an apparent molecular weight for the protein as 61 kDa, much closer to the 58-kDa monomer than a dimer. Recent results from Simpson et al. (2004) , using both analytical centrifugation and low angle x-ray scattering, also indicate that PTB is primarily monomeric in solution and are in good agreement with what we observe. Thus Complex 1, forming at low protein concentrations, represents the binding of a single PTB molecule. Rather than interacting with a dimer, the duplicated pyrimidine element presumably yields higher affinity binding by offering greater conformational choices in binding and allowing protein binding in multiple registers along the RNA, as was proposed for U2AF65 (Banerjee et al. 2003) . The observed S value of 3.3 is lower than expected for a 60-kDa sphere, indicating that the protein does have an irregular shape that could result in its anomolous mobility by gel filtration. This unusual shape is also supported by NMR observations that in full-length protein, RRMs 1 and 2 are each behaving independently in solution from the RRM 3-4 portion (F. Allain, pers. comm.). The previous results on dimerization could stem from a limited population of protein engaged in a homomeric interaction. The hydrodynamic measurements are also consistent with a small fraction of the protein existing as aggregates in solution (data not shown). This could be the source of the protein/protein cross-links observed previously (Oh et al. 1998 ). However, the protein clearly assembles into multimeric complexes on the RNA, and homomeric protein/protein interactions between PTB molecules likely occur within these RNP complexes. Resolving the nature of these dimerization contacts will be a question for the future.
The role of the different protein domains in these complexes is also an interesting question. We find that in binding to a CUUCUCUCU repeat, the protein contacts RNA with both RRMs 1 and 4. This is consistent with previous results examining RNA binding of individual domains, but does not rule out RNA contacts with the other two domains (Pérez et al. 1997b; Liu et al. 2002) . Earlier work showed that the RRM 3-4 fragment had much higher affinity for RNA than RRM 4 alone (Pérez et al. 1997b) . RRMs 2 and 3 could contact the additional pyrimidines outside of a single repeat that are also needed for binding. Studies of PTB regulation of the GABA A receptor indicated that portions of RRM 4 were not required for stable binding but were needed for splicing repression (Liu et al. 2002) . In that system, the RNA is likely making RNA contacts in addition to those in RRM 1. An understanding of the structure of the PTB protein in its interaction with an extended pyrimidine tract is needed to resolve the role of the other RRMs.
The binding data indicate that PTB can engage in more than one mode of binding to RNA. On the long, high affinity site, the initial complex encompasses more than half the available RNA. When the second protein binds, there is not room to engage the same number of nucleotides, and this protein binds with much lower affinity. Interestingly when the short downstream binding sites are included in the RNA, the apparent affinity of this second complex greatly increases. Thus, this second protein may contact shorter pyrimidine elements that are more dispersed. For splicing repression, the high affinity site is not sufficient and requires these additional downstream elements. Since RRMs 1 and 4 are contacting the CUUCUCUCU repeat, it will be interesting to examine the role of the other RRMs in binding shorter, more widely dispersed elements in complexes containing the second PTB protein (Fig. 8) .
The enhancement of higher order complex formation seen with RNAs containing two binding sites, and the requirement for an upstream site in blocking downstream intron splicing (and vice versa), imply communication between the proteins bound upstream and downstream of the exon. Earlier studies that identified these interactions used substrates that contained the whole intronic splicing enhancer downstream of the repressed exon (Chan and Black 1995; Chou et al. 2000) . This sequence assembles a large complex of proteins, some of which cooperate with PTB in RNA binding. Thus, it was not possible to determine FIGURE 8. Models for the multimeric PTB complexes that repress splicing. In Complex 1 (top) one PTB molecule contacts a single CUU CUCUCU RNA element with both RRM 1 and 4. RRM 3 may contact additional RNA in that vicinity or not. This complex does not inhibit splicing. Complex 2 contains two PTB monomers. One is bound at the upstream high affinity site as in Complex 1, using RRMs 1 and 4. The second PTB engages the downstream CU elements, presumably also using RRMs 1 and 4. This PTB also makes a lower affinity contact with the upstream site, perhaps with RRMs 2 or 3. Different arrangements of CU elements may lead to different orientations of the PTB protein such as in Complex 2b. There are other feasible models than those shown. Note that there are likely dimerization interactions between the two PTB monomers that are not shown. These may occur between the RRM 2 domains as proposed (Pérez et al. 1997b ).
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www.rnajournal.org whether the cross-exon interactions were due to a direct interaction between upstream and downstream PTB molecules. The reconstruction of this interaction using just PTB sites and purified PTB indicates that at least part of the exon-bridging interaction is mediated only by PTB. The nature of this exon-bridging complex is very interesting. It is possible that a PTB monomer is bound on each side, and a protein/protein interaction results in a dimer. However, the additional RNA bound in Complex 2 and the ability of short elements to work as the second binding site point to an arrangement where different RRMs of a PTB monomer are engaged with separate binding sites, to form a bridge between them. If RRMs 1 and 4 make initial contact with one site, then perhaps RRMs 2 or 3 engage in the bridging interaction. Beside the roles of these RRMs, another question is whether the two PTB molecules in Complex 2 will both bridge the two sites, forming essentially equivalent contacts. Alternatively, there may be one protein fully engaged on one site and one protein forming the bridge. Two of several possible models for the arrangement of the multiple RRMs in the bridging complex are shown in Figure 8 .
Besides PTB, the other well-characterized mammalian splicing repressor protein is hnRNP A1. This protein also has several proposed mechanisms for mediating splicing repression (Black 2003) . Single exonic A1 binding sites can apparently block the function of exonic splicing enhancers or the binding of general splicing factors (Del Gatto- Konczak et al. 1999; Tange et al. 2001; Zhu et al. 2001; Kashima and Manley 2003; Zahler et al. 2004) . Alternatively, in regulating an exon in its own transcript, multiple A1 binding sites are needed that flank the repressed exon Chabot 1997, 1999; Hutchison et al. 2002) . In this A1 autoregulation, the multiple binding sites are proposed to allow the looping out of the exon by a multimeric A1 complex. In another system, A1 is thought to initiate binding at a high affinity site, and then nucleate additional non-sequence-specific A1 binding along the RNA, creating a region of protein-coated RNA refractory to other factor binding (Zhu et al. 2001) . Behavior similar to two of these models is also seen with PTB: interference with enhancer function by a strategically placed PTB site and RNA looping between multiple PTB sites. The final A1 model does not seem likely with PTB, as nucleation of nonspecific binding would result in very large complexes observed in gel shift assays. Instead, although there are complexes containing more than two proteins, the observed multimeric PTB complexes are fairly discrete and contain a limited number of PTB monomers.
The complexity of natural systems of alternative splicing makes the study of their regulatory mechanisms difficult. Many different interdependent proteins affect each splicing choice. The reconstruction of splicing regulation to involve only PTB will allow us to examine PTB function in more mechanistic detail. In the future, this model system can be studied for PTB effect's on spliceosome assembly, differences in PTB activity among cell types, the role of nPTB, and, perhaps most immediately, the structure of the multimeric PTB complex.
MATERIALS AND METHODS
Plasmid constructs
The pDup-51 and plasmids were described previously (Dominski and Kole 1991) , with the modifications described for pDup4-1 (Modafferi and Black 1997) . These plasmids were further modified to include an EagI restriction site in the middle of each test exon and a KpnI site 16 nt downstream of the second exon. The c-src sequences were added to each Dup plasmid using oligonucleotidedirected PCR and inserting into these new sites. All constructs were confirmed by sequencing. The in vitro splicing templates were made by PCR using these plasmids and the T7-DUP8 oligonucleotide (5Ј-GGGTAATACGACTCACTATAGGACACCATGC ATGGTGCACCTG-3Ј) as a 5Ј primer and a src-specific 3Ј primer. The resulting PCR products were used as templates for in vitro T7 RNA polymerase transcription. The RNA probes for RNA binding assays were made using similar PCR-derived T7 templates, from previously described plasmids, or they were synthetic RNA oligonucleotides (Dharmacon). The PTB-1 (accession no. X62006.1) and PTB-4 (accession no. X65372.1) constructs were derived from CMV-PTB-1 and CMV-PTB-4 plasmids (a generous gift from Chris Smith, Department of Biochemistry, University of Cambridge, Cambridge, United Kingdom). The FLAG-PTB for protein expression was made by adding a FLAG epitope tag at the Nterminus of the human PTB-4 coding sequence by PCR and cloned into pcDNA 3.1 at the EcoRI and BamHI sites. Dup4-1S, which was used as a transfection control in primer extension experiments, was made by digesting DUP4-1 with NsiI (which cuts in the middle of first exon and the beginning of second exon) and ligated back together. This made the spliced mRNA product of the DUP4-1S shorter than that of DUP4-1, allowing them to be distinguished on a gel.
Gel mobility shift and filter binding analysis
Each gel mobility shift reaction (10 µL) contained 6 µL binding buffer (20 mM HEPES at pH 7.6, 20% glycerol, 80 mM potassium glutamate, 100 ng/µL tRNA, 0.02% NP40, 6 mM MgCl 2 , 1 mM DTT) plus recombinant PTB (50 nM-1 µM). All reaction components except RNA probe were mixed and incubated for 8 min at 30°C; the RNA probe (50,000 cpm, ∼10 fmol) was then added and incubated for an additional 15 min. The reactions were put on ice for 5 min and then were separated on an 8% native polyacrylamide gel. The apparent K d was estimated as the concentration of protein where the RNA was half bound.
Nitrocellulose filter binding assays were carried out as described with some modifications (Liu et al. 2002) . The recombinant PTB (10 nM to 1 µM, n = 3 for each PTB concentration) were incubated with 1 fmol of 32 P-labeled RNA in 50 µL binding buffer containing 10 mM HEPES (pH 7.6), 4 mM MgCl 2 , 0.02% NP40, 100 ng/µL tRNA, 5 mM DTT, and 50 mM potassium glutamate and incubated at 30°C for 20 min. Reactions were then diluted with 450 µL binding buffer and filtered through 0.45 µM nitrocellulose filters (Millipore) in a Millipore 1225 vacuum manifold. Filters were washed four times with binding buffer, dried, and the RNA retained on each filter was measured by scintillation counting. The fraction bound RNA was calculated as RNA retained on the filter/total RNA. The apparent K d values were determined by fitting the data to the expected curves for one binding site
, using KaleidaGraph (Synergy) software.
RNA labeling and alkaline hydrolysis
Five picomoles of RNA probe were phosphorylated at its 5Ј end using [␥- 32 P] ATP and polynucleotide kinase (New England Biolabs) according to standard protocols and gel purified.
For 3Ј-end labeling, 10 pmol of RNA were incubated with 20 pmol 5Ј 32 P pCp (specific activity 3000 Ci/mmol) and T4 RNA ligase (New England Biolabs) in a 10-µL reaction (England et al. 1980) . Partial alkaline hydrolysis was carried out in 10 µL of 3Ј-or 5Ј-end-labeled RNA (10 6 cpm), 50 mM NaHCO 3 , 50 mM Na 2 CO 3 , carrier tRNA (1 mg/mL), and 1 mM EDTA (pH 9.2). These were incubated at 80°C for 10 min to generate a ladder of hydrolysis products, neutralized with HCl, extracted with phenolchloroform, and ethanol precipitated. Boundary mapping (Bevilacqua et al. 1998 ) was performed by incubating the hydrolyzed RNA in binding buffer with 1 µM PTB (above) followed by separation of the RNA-PTB complexes on an 8% native polyacrylamide gel. The RNA was then eluted from Complex 1 and Complex 2 and the RNA ladder from each complex was separated on an 8% denaturing polyacrylamide gel. To make the G-position marker, the 5Ј-end-labeled RNA was partially digested with 0.1 unit RNAse T1 (Ambion) for 5 min at 37°C and digestion was stopped by adding an equal amount of formamide gel loading buffer.
RNA for cross-linking and proteolysis experiments
␣-
32 P UTP radioactively labeled RNA probe was obtained by in vitro transcription using the BS7 template cut with Bsu36I. 4-Thiouridine was incorporated into the BS7/Bsu36I RNA by replacing UTP with 4-thio-UTP (a generous gift from A. Mustaev, Public Health Research Institute) in the transcription reaction. Short synthetic RNAs containing single 4-thiouridine substitutions, as well as the CUCUCU RNA oligo, were obtained from Dharmacon. These were 5Ј-end labeled using T4 polynucleotide kinase (NEB) according to standard protocols. After labeling, each RNA probe was gel purified under denaturing conditions to remove unincorporated nucleotides as well as any degraded RNA. Bacterially expressed recombinant His6-tagged PTB was purified using Ni-NTA agarose. In a typical cross-linking experiment, 3 µg of PTB were mixed with RNA (2 × 10 5 cpm for the BS7 probe and 2 × 10 4 cpm for short RNAs) in binding buffer containing 20 mM Tris (pH 7.5), 50 mM NaCl, and 10 mM MgCl 2 and incubated for 5 min at room temperature. Cross-linking was performed on ice in 254 nm UV light for unsubstituted RNA or in 366 nm UV light for 4-thiouridine substituted RNA, using hand-held lamps for 30 min. In the case of the BS7 templates, cross-linking was followed by a 1-h treatment with a mixture of 1 µg of RNAse A (Ambion) and 250 units of RNAse T1 (Ambion) at 37°C to reduce the crosslinked RNA to short oligonucleotides.
Proteolysis and CNBr cleavage
For exhaustive proteolysis, the cross-linked protein was digested overnight with either Glu-C, Asp-N, Lys-C, or trypsin (all enzymes are sequencing grade; Roche Molecular Biochemicals) alone or in combination according to the manufacturer's specifications at a PTB to enzyme ratio of 20:1 (w/w). Digested PTB was then analyzed by electrophoresis on 16% Tris-tricine gels (Novex). For partial proteolysis, a ratio of 50:1 (PTB:enzyme) was used. The reactions were stopped by adding SDS sample buffer at the indicated times, quickly followed by heating the sample (boiling for 254 nm cross-linking or 37°C for 366 nm cross-linking) prior to gel loading.
For CNBr cleavage, the cross-linked protein was gel purified on an 8% Tris-glycine gel (Novex). The gel slice containing labeled PTB was excised from the gel, washed twice with 1 mL of water to remove the buffer, crushed, and the protein was eluted in three volumes of 0.3% SDS at 37°C for 1 h. The supernatant was separated from the gel pieces by centrifugation in a microspin column (Biorad), flash frozen, and lyophilized on a SpeedVac. Partial and exhaustive CNBr cleavages were then performed according to previously published protocols (Grachev et al. 1987 (Grachev et al. , 1989 . The exhaustive CNBr cleavage reaction mixture was diluted 10-fold with water, flash frozen, and lyophilized completely using a SpeedVac to remove the formic acid. The dry residue was washed with 70% ethanol to remove SDS and then redissolved in immunoprecipitation buffer (50 mM Tris-HCl at pH 7.5, 150 mM NaCl, 0.05% Triton X-100). Twenty microliters of Protein A beads were equilibrated with the IP buffer, blocked with 1 mL of 1 mg/mL BSA for 1 h at 4°C and then incubated with 25 µL of corresponding serum. After extensive washes with IP buffer, the CNBr cleavage products were added and followed by a 3 h incubation at 4°C. The unbound peptides were removed with four 1-mL washes of IP buffer. The bound peptides were eluted with 50 µL of 1× SDS sample buffer and loaded onto a 16% Tris-tricine gel. The gels were dried and autoradiographed on a Typhoon PhosphorImager (Molecular Dynamics).
Analytical ultracentrifugation
Sedimentation velocity experiments were performed in a Beckman Optima XL-A analytical ultracentrifuge at 55,000 rpm and 20°C using absorption optics at 280 nm and a 12-mm path length double sector cell. The PTB was at 1.8 mg/mL in 80 mM KCl, 6 mM magnesium acetate, 20 mM HEPES (pH 7.6). The sedimentation coefficient distribution was determined from a differential sedimentation coefficient plot (g(s)) using the Beckman Originbased software (version 3.01). The peak sedimentation coefficient was corrected for density and viscosity to an S 20,w value using a value for the partial specific volume at 20°C of 0.739, calculated from the amino acid composition of PTB (Cohn and Edsall 1943) and corrected to 20°C (Laue et al. 1992) . Sedimentation equilibrium experiments were performed on PTB (0.44 mg/mL) in 80 mM KCl, 6 mM magnesium acetate, 20 mM HEPES (pH 7.6) at 4°C and rotor speeds of 12,000 rpm, again on a Beckman Optima XL-A analytical ultracentrifuge with absorption optics at 280 nm. A partial specific volume of 0.734, calculated as described above, was used. Individual scans were analyzed using the Beckman Origin-based software (version 3.01) to perform a nonlinear least-PTB-mediated splicing repression www.rnajournal.org squares exponential fit for a single ideal species to give the weightaverage molecular weight.
Cell culture, transfection, and RNA preparation
Transfection experiments were carried out as previously described (Modafferi and Black 1997) . For transfection, 4 µg of DNA were transfected into each well of a six-well plate (50% confluence) using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. Cytoplasmic RNA was prepared 48 h after transfection as described (Modafferi and Black 1997) .
SiRNA and expression of exogenous FLAG-PTB
The siRNA target sequence in PTB comprises nucleotides 1687-1707 (5Ј-AGACCAGAGATTTTATTTTTT-3Ј) in the 3Ј UTR of human PTB. The siRNA sense sequence is 5Ј-ACCAGAGAUUU UAUUUUUUUU-3Ј and the antisense siRNA sequence is 5Ј-AA AAAAUAAAAUCUCUGGUCU-3Ј with 19-nt complementarity and a 2-nt overhang at each 3Ј end. The siRNA was synthesized by T7 transcription on DNA templates designed to make each siRNA strand. For each siRNA strand, the template was made by hybridizing an oligo with a T7 primer and 8-nt universal sequence and the sense or antisense strand template oligo containing the complement of the 8-nt universal sequence at its 3Ј end. The sense template oligo was 5Ј-AAAAAATAAAATCTCTGGTCCTGTCTC-3Ј, the antisense template oligo was 5Ј-AGACCAGAGATTTTAT TTTTTCCTGTCTC-3Ј, and the sequence of the T7 promoter primer was 5Ј-TAATACGACTCACTATAGGGAGACAGG -3Ј. To obtain each siRNA strand, DNA templates were hybridized and made fully double stranded by exo -Klenow fill-in (NEB). The templates were used in transcription reactions to synthesize sense and antisense RNA separately (Milligan et al. 1987) . After transcription, the siRNA reactions were mixed and incubated at 37°C overnight to hybridize the sense and antisense strands. The reaction mixture was digested with DNase I (25 U; Roche) and RNAse T1 (3000 U; Ambion) in DNase I digestion buffer (20 mM Tris-HCl at pH 8.4, 2 mM MgCl 2 , 50 mM KCl) for 2 h at 37°C. RNA was extracted with phenol:choloroform:isoamyl alcohol (25:24:1), precipitated in ethanol, and the final siRNA concentration was adjusted to 20 µM (0.3 µg/µL) in dsRNA hybridization buffer (20 mM HEPES, KOH at pH 7.6, 50 mM KoAc, 1 mM Mg(oAc) 2 ).
HeLa cells were grown to 90% confluency and transiently transfected with 2 µL of siRNA duplex (20 µM), 0.5 µg empty expression vector, and 2 µg pUC 18 added to Opti-MEM (Invitrogen) in a six-well plate using Lipofectamin 2000 (Invitrogen) as per the manufacturer's protocol. After 48 h, the transfection was repeated with 3 µg total DNA containing the reporter and expression plasmids (0.5 µg splicing reporter construct, 0.5 µg FLAG-PTB, 2 µg pUC 18, 2 µL siRNA). Cells were expanded to 30-mm plates after 4 h. After an additional 48 h, cells were harvested for Western blot and RNA analysis.
Primer extension and RT-PCR
Primer extension was carried out as previously described (Modafferi and Black 1997) using the same primer (DUPRT#3), except that 20 µg of RNA were used for primer extension. The amount of the product was quantified on Molecular Dynamics' Typhoon PhosphorImager using ImageQuant software.
RT-PCR was conducted as previously described (Hall et al. 2004 ) except that the 5Ј primer was DUP-8 (5Ј-GACACCATGCA TGGTGCACCTG-3Ј) and the 3Ј primer was DUPRT#3 (Modafferi and Black 1997). PCR was performed for 25 cycles and the amount of product was quantified as in the primer extensions.
In vitro splicing
T7 RNA polymerase reactions were carried out in the presence of cap analog and ␣-32 P UTP as described (Chan and Black 1997) . In vitro splicing was conducted in 25-µL reactions using HeLa or WERI-1 nuclear extract as previously described (Chan and Black 1995) .
